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ABSTRACT
An investigation of nocturnal intermittent turbulence during the Cooperative Atmosphere–Surface Ex-
change Study in 1999 (CASES-99) revealed three turbulence regimes at each observation height: 1) regime 1,
a weak turbulence regime when the wind speed is less than a thresholdvalue; 2) regime 2, a strong turbulence
regime when the wind speed exceeds the threshold value; and 3) regime 3, a moderate turbulence regime
when top-down turbulence sporadically bursts into the otherwise weak turbulence regime. For regime 1, the
strengthofsmallturbulenceeddiesiscorrelatedwithlocal shearandweaklyrelatedtolocal stratiﬁcation.For
regime2,theturbulencestrengthincreasessystematicallywithwindspeedasaresultofturbulencegeneration
by the bulk shear, which scales with the observation height. The threshold wind speed marks the transition
abovewhichtheboundarylayerapproachesnear-neutralconditions,wheretheturbulentmixingsubstantially
reduces the stratiﬁcation and temperature ﬂuctuations. The preference of the turbulence regimes during
CASES-99 is closely related to the existence and the strength of low-level jets. Because of the different roles
of the bulk and local shear with regard to turbulence generation under different wind conditions, the re-
lationship between turbulence strength and the local gradient Richardson number varies for the different
turbulence regimes. Turbulence intermittency at any observation height was categorized in three ways: tur-
bulence magnitude oscillations between regimes 1 and 2 as wind speed varies back and forth across its
threshold value, episodic turbulence enhancements within regime 1 as a result of local instability, and
downbursts of turbulence in regime 3.
1. Introduction
Causes of turbulence intermittency include wave in-
stabilities (e.g., Blumen et al. 2001; Balsley et al. 2002;
Frittsetal.2003;NewsomandBanta2003;Sunetal.2004;
Meillieretal.2008),densitycurrents(e.g.,Sunetal.2002;
Darby et al. 2002), and wind gusts (e.g., Acevedo and
Fitzjarrald 2003). Shear instability is the primary turbu-
lence generator in stratiﬁed boundary layers, which,
throughlarge-eddy overturning,canleadtolocalthermal
instability. Reasons for increased shear vary and may
include intrusion of gravity waves and formation of
density currents and low-level jets (LLJs). Intermittent
turbulence is a distinct characteristic of stable boundary
layers. We use intermittent turbulence as deﬁned in the
Glossary of Meteorology (Glickman 2000, p. 410) as ‘‘the
property of turbulence within one air mass that occurs at
some times and some places and does not occur at in-
terveningtimesorplaces.’’Wequalifythisdeﬁnitionwith
the observation that turbulence never completely disap-
pears, but it can become extremely weak (Balsley et al.
2003; Mahrt and Vickers 2006; Banta et al. 2007). Spe-
ciﬁcally, we use the word ‘‘intermittency’’ to describe a
temporal variation of turbulence strength observed at a
ﬁxed location. Various quantiﬁcations of turbulence in-
termittency can be found in the literature (e.g., Howell
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Heinemann 2007).
Nocturnal turbulence has been categorized into vari-
ous turbulence regimes. For example, Mahrt et al. (1998)
dividedturbulenceintoweaklystable,transitionstability,
and very stable regimes based on heat ﬂuxes as functions
ofatmosphericstability.VandeWieletal.(2003)divided
nocturnal turbulence into the turbulent regime, inter-
mittentregime,andradiativeregime.McNideretal.(1995)
studied the probability of stability regimes in nocturnal
stable boundary layers in a horizontally homogeneous
environment. Because of the radiative cooling on the
ground, the nocturnal stable stratiﬁcation naturally sup-
presses turbulence.
To understand turbulence intermittency in stable
boundary layers, this study focuses on general conditions
under which turbulence is enhanced in stable boundary
layers.Usingtheextensiveobservationaldatasetobtained
from the Cooperative Atmosphere–Surface Exchange
Study in1999 (CASES-99)(section 2), weinvestigate and
categorize patterns of turbulence regimes (section 3).
We then categorize turbulence intermittency based on
the turbulence regimes and demonstrate an example
fromeachturbulenceintermittencycategory(section4).
Section 5 is the summary.
2. Observations
The CASES-99 ﬁeld experiment (Poulos et al. 2002;
Sun et al. 2002) includes three-dimensional turbulence
observations at nine levels (eight levels at a given time)
on a 60-m tower over relatively ﬂat terrain. Sonic ane-
mometer turbulence measurement levels were at 1.5, 5,
10, 20, 30, 40, 50, and 55 m. The lowest sonic anemometer
was moved from 1.5 to 0.5 m on 20 October. Together
with the slow-response wind vanes at four levels (15, 25,
35, and 45 m), a total of 12 levels of wind observation on
the60-mtowerwereusedinthisstudy.Theslow-response
wind observations were calibrated to the sonic anemom-
eter measurements for the accuracy of the sonic ane-
mometer.
Thermocouple temperature measurements at 34 levels
(0.23, 0.67, 2.3 m, and every 1.8 m above 2.3 m) were
recorded with three dataloggers (Burns and Sun 2000).
One measurement from each datalogger was placed at
one level for side-by-side comparison. The thermocouple
temperature at 55 m was calibrated against the mechan-
ically aspirated temperature at 55 m, and the difference
betweenthe two temperature measurements at 55 m was
used to calibrate the absolute thermocouple temperature
at the rest of the levels. Atmospheric pressure was mea-
sured atthree levelson the 60-m tower:1.5,30, and 50 m.
Pressure decreased approximately linearly with height
because of the relatively thin tower layer compared to
the scale height of atmospheric pressure. We used the
pressure measurements on the 60-m tower to calculate
the potential temperature and to convert relative hu-
midity to speciﬁc humidity.
High-resolution Doppler lidar (HRDL), a scanning,
coherentDopplerlidarsystemdesignedforatmospheric
boundary layer research (Grund et al. 2001; Pichugina
et al. 2008), was located 1.45 km southeast of the 60-m
tower. Its range resolution, minimum range, and maxi-
mum range during CASES-99 were 30 m, 250 m, and
2–6 km, respectively.
In addition to the above directly observed variables,
some calculated variables were used in this study. Tur-
bulent ﬂuxes based on 10-min data segments were cal-
culated after removing mesoscale ﬂuctuations, such as
gravitywaves,basedonthemethodofVickersandMahrt
(2003, 2006). Because the calculated turbulent ﬂuxes
closely agree with the 5-min unweighted ﬂuxes, 5-min
data segments were used to calculate standard deviations
of all the variables, vertical shear, and vertical tempera-
ture gradients at all the sonic anemometer observation
levels. For investigation of the relationship between tur-
bulent ﬂuxes and other variables only, the variables at
5-min intervals were averaged to 10-min intervals to
match the ﬂux dataset. The method for calculating local
wind shear was described in Sun (2011). Brieﬂy, the local
shear at each observation level was calculated analyti-
cally from the wind proﬁle that was locally ﬁtted to a log-
linear proﬁle using observed winds, one level above, and
one level below. The accurate high-vertical resolution
(#1.8 m)thermocoupletemperatureandthesimplelinear
ﬁnite differencing method were used to calculate vertical
temperature gradients. The calculated local shear ›V/›z
(whereVandzarethehorizontalwindspeedvector and
the height above the ground, and the overbar represents
time averaging) and the vertical temperature gradient
›u/›z (where u is the potential temperature) were used
to calculate the local gradient Richardson number Ri [
(g/T0)›u/›z(›V/›z)
22 (g and T0 are the gravity constant
and a reference temperature, respectively).
Since the sonic anemometers were all mounted on
booms pointing eastward, turbulent ﬂuxes associated
with winds from 27086608 could be distorted by the
60-m tower; therefore, all the ﬂux data from this sector
were eliminated from this analysis. All the nighttime
data obtained from 1800 to 0600 LST, 5–29 October
except those subject to the ﬂow distortion were used
in this study. The dates in this study are labeled based
on UTC. For example, the night of 25 October and
t h ee a r l ym o r n i n go f2 6O c t o b e ri sf r o m0 0 0 0t o
1200 UTC 26 October; therefore, we labeled this night
as 26 October.
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Inthissection,weexplorethedependenceofturbulence
on mean wind speed, local shear, local thermal stratiﬁca-
tion, and Ri to identify possible turbulence regimes.
a. Dependence of turbulence on shear instability
We use the turbulence velocity scale deﬁned as
VTKE 5 [(1/2)(s2
u 1 s2
y 1 s2
w)]
1/2 5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TKE
p
to represent
turbulence strength, where TKE representsthe turbulent
kinetic energy, u, y,a n dw are the zonal, meridional, and
vertical wind components, and s represents the standard
deviation of each variable. The relationship between
VTKE and mean horizontal wind speed, V 5 jVj, at each
observation level is shown in Fig. 1a. The relationship is
similarbetweenlevels,consistingofaregimewhereVTKE
isweakandincreasesonlyslightlywithV(regime1)anda
regime where VTKE increases rapidly with V after V ex-
ceedsa thresholdvalue (regime 2)(Fig.2). The threshold
value increases with height approximately logarithmi-
cally(Fig.3a), resultingina shiftof theregime-2curves
in Fig. 1a to the larger wind speed values as the mea-
surement height increases. Similarly, the standard de-
viations of the horizontal wind speed sV and of the
FIG. 1. The relationship (a) between the bin-averaged turbulence strength VTKE and the wind speed V,( b )
between the bin-averaged standard deviation of the wind speed sV and V, and (c) between the bin-averaged
standard deviation of the vertical velocity sw and V at the nine observation levels. In each panel, the standard
deviation of the variable in ordinate within each V bin is marked by a vertical line. The threshold wind speed at
e a c hl e v e li sm a r k e dw i t hat r i a n g l ei nt h ec o l o ro ft h eh e i g h t .T h ed a t aa r ef r o mt h ee n t i r eC A S E S - 9 9d a t a s e ta s
described in the text.
340 JOURNAL OF THE ATMOSPHERIC SCIENCES V OLUME 69vertical velocity sw are also related to V (Figs. 1b,c),
except the slope of sw versus V increases with height
because of the ground impingement on turbulent eddies
(Sun 2011). As the wind speed approaches zero, sw
approaches zero, but not sV, indicating that sV includes
relatively large nonturbulent eddies. Although one may
be tempted to associate the threshold wind speed with a
critical or transitional Richardson number, the results
below do not support such a concept.
In regime 2, VTKE increases strongly and linearly with
V at a slope of ;0.25 at all the observation levels when
the windspeedexceedsitsthresholdvalue (Fig.3b).The
relatively constant slope is due to the dominant relation-
ship between sV and V as shown in Fig. 1b. Regime 2
occurswhenturbulenceapproachesnearneutral,whichis
demonstrated in the sharp increase of the local Obukhov
length L (Fig. 3d). The local Obukhov length here is de-
ﬁned as L[uu2
*/kgu*,w h e r eu* is related to the local
momentum ﬂux t as u* 5
ﬃﬃﬃﬃﬃﬃﬃ
t/r
p
(where r is the air den-
sity); u* [2w9u9/u*; w9u9 represents heat ﬂuxes; and k
is the von Ka ´rma ´n constant. The approximation uy ’ u is
relatively accurate for the present dataset. Because tur-
bulence is mainly generated by shear instability at night
when the buoyancy ﬂux is negative, the close relationship
between V and VTKE for regime 2 suggests that near the
ground, turbulence under stronger winds responds to the
bulk shear deﬁned here as the mean wind divided by its
FIG. 2. Schematic of the three turbulence regimes (red numbers)
andthe threecategoriesofturbulenceintermittency (greenletters)
commonly observed during CASES-99 at each observation height.
Turbulence in regime 1 is mainly generated by local instability.
Turbulence in regime 2 is mainly generated by the bulk shear.
Turbulence in regime 3 is mainly generated by top-down turbulent
events.
FIG. 3. (a) The threshold wind speed as a function of height (solid line with circles) and its logarithmic ﬁtting
(dashed line); (b) VTKE as a function of the wind speed V relative to its threshold value Vs at the nine observation
levels.Alsoshownistherelationship(c)betweenVTKEandlocalshearand(d)betweenVTKEandthelocalObukhov
length L at the nine observation levels. The standard deviation of VTKE at each local shear bin at z 5 0.5 and 1.5 m
and the standard deviation of the local shear at each VTKE bin for z above 1.5 m are plotted in (c); and the standard
deviation of L within each V bin is plotted in (d).
JANUARY 2012 SUN ET AL. 341observation height (i.e., V/z). Spectral analyses of w in-
deed indicate that when V exceeds the threshold value,
the w power spectra have well-deﬁned peaks at the fre-
quency V/z at all the levels (Fig. 4a). This result implies
thatthe kinetic energy of turbulent eddies isgenerated at
the frequency associated with the bulk shear and that the
energetic turbulence eddies scale with height when wind
speed exceeds its threshold. Because the strong wind
speedtendstoincreaselinearlywithheightawayfromthe
ground due to turbulent mixing (section 3d), the local
shear, which was calculated using the wind observations
within a vertical layer of less than 10 m, tends to cluster
around 0.1 s
21 as also noted by Banta et al. (2003, 2006).
Consequently, strong turbulence becomes independent
of the local shear as demonstrated in Fig. 3c except close
tothe ground,where the local and bulkshears areclosely
related to each other.
Incontrasttoregime2,thelocalshearisresponsiblefor
generating smalleddies andweakturbulenceinregime 1,
which is illustrated by the close relationship between
VTKEandlocalshearforweakturbulence(Fig.3c).Inthis
situation, the w power spectra peak at wavelengths
smaller than their observation heights (Fig. 4b), which
indicates that the local shear-generated eddies are too
smalltointeractwiththegrounddirectly.Thissituationis
sometimes called the decoupled boundary layer (e.g.,
Acevedo andFitzjarrald 2003;Mahrt and Vickers 2006).
Any implication of the roles of local and bulk shear in
similarity theory is outside of the scope of this study and
will be investigated in a separate paper.
Theobservationoftheturbulencespectralpeakscaling
withwindspeedandobservationheightwasalsofoundby
Panofsky and McCormick (1960). The role of the bulk
shear in turbulence generation was also implicitly illus-
trated in the close relationship between turbulence and
the bulk Richardson number in Mahrt (2008), where the
bulk Richardson number was deﬁned based on the wind
and temperature observations between the observation
height and the 1-m level.
b. Dependence of turbulence on local stratiﬁcation
and local instability
Vertical temperature gradients are generally positive
at night and theoretically limit turbulence growth. We
found that VTKE is weakly dependent on local ›u/›z in
regime 1 when the wind speed is less than the threshold
value (blue dots in Fig. 5). As V increases above its
threshold value, VTKE in regime 2 decreases sharply with
increasing ›u/›z (red dots in Fig. 5). In other words, even
though the stratiﬁcation is often weaker for winds above
FIG. 4. The power spectra of the vertical velocity sw normalized by the w variance s2
w as
a function of the frequency f normalized by the inverse of the bulk shear for (a) the wind speed
above the threshold value during the night of 17 October, and (b) the wind speed less than the
threshold value during the night of 5 October. A 4-h data segment is used at each observation
height in both panels.
342 JOURNAL OF THE ATMOSPHERIC SCIENCES V OLUME 69the threshold value compared to winds below its thresh-
old value, the turbulence seems more closely related to
the stratiﬁcation in regime 2 than that in regime 1.
As u* is directly related to the sensible heat ﬂux, we
examined the relationship between V and u*.W ef o u n d
that u* is approximately linearly correlated with tem-
perature ﬂuctuations, su, at each level (Fig. 6a), and u*
reaches a maximum when the wind speed reaches its
threshold value (Fig. 6b). The increase of u* with V be-
fore V reaches its threshold indicates that the increasing
turbulence enhances temperature ﬂuctuations as the
source of the temperature ﬂuctuation is provided by the
vertical temperature gradient, which is constantly rein-
forced by the radiative cooling, especially under weak
winds. As the wind speed increases above the threshold
value, the decrease of u* with V is associated with de-
creased vertical temperature gradient resulting from
stronger mixing by the large eddies generated by the
bulk shear. Vanishing stratiﬁcation leads to vanishing
temperature ﬂuctuations and heat ﬂuxes. The contrast
between the general monotonic increase of VTKE with V
and the increase and decrease of u* with V before and
after the wind threshold suggests that the steep negative
correlationbetweenVTKEand›u/›zforVgreaterthanits
threshold value is a result of the strong turbulent mixing,
notthesuppressionofturbulencebythestratiﬁcation.On
average,the change of the wind speedismuchfaster than
the establishment of the stratiﬁcation. Because of the
dominant role of the turbulent mixing in generating heat
ﬂux under stable conditions, bothsV and sw are similarly
related to V (Fig. 1) even though sw, but not sV,i s
strongly related to the heat ﬂux.
The increase and decrease of u* with V was presented
in terms of the sensible heat ﬂux change in Mahrt et al.
(1998) to distinguish the weakly stable from the moder-
ately stable turbulent regimes. Similar relationship be-
tweenu*andu*wasalsofoundbyHoltslagandDeBruin
(1988).
NormallythelocalgradientRiwouldbeconsideredas
more universal than wind speed in the prediction of
turbulence generation as it combines the effects of both
local shear and buoyancy. However, if the bulk shear,
not local shear, is responsible for turbulence generation,
the local Ri does not capture the turbulence generation
mechanism. When the wind speed is below its threshold
value and turbulence is controlled by local shear, VTKE
FIG. 5. The relationship between the local vertical gradientof potentialtemperature ›u/›z and VTKE at
theninesonicanemometerlevels.Theredandbluecolorsareforwindspeedlargerthanandsmallerthan
the threshold value Vs, respectively, and each dot is from a 5-min data segment.
JANUARY 2012 SUN ET AL. 343decreasesgradually withincreasing Ri eventhough ›u/›z
is only weakly related to VTKE. When the wind speed is
above its threshold value, turbulence generated by the
bulk shear results in a sharp decrease of ›u/›z,l e a d i n gt o
the apparent sensitivity of VTKE to ›u/›z, thus the ap-
parent dependence of VTKE on Ri (e.g., the red dots in
Fig. 7) even though local shear does not contribute sig-
niﬁcantly to the turbulence generation in this situation.
The different VTKE–Ri relationships in regimes 1 and
2 are schematically illustrated in Fig. 8. The range of the
VTKE variationisrelativelysmallinregime1eventhough
the range of the Ri variation is large. In contrast, the
range of the VTKE variation is large while both the vari-
ability and the magnitude of Ri are relatively small in
regime 2. The transition of the VTKE–Ri relationship
between regimes 1 and 2 can be abrupt. Consequently,
theRivalueforstrongVTKEinregime2(pointbinFig.8)
can be larger than the Ri value for much weaker VTKE in
regime 1 (point a in Fig. 8). Once the bulk shear starts to
playamajorroleinturbulencegeneration,Riisgenerally
smaller than 0.2. Overall, Ri is associated with local
gradients that govern small eddies and fails to include
the inﬂuence of instabilities over deep layers. Therefore,
VTKE is better correlated with wind speed than with local
Riin regime 2.As the magnitudeofthe sensible heat ﬂux
is controlled by the strength of the turbulence and the
temperature perturbation, the relationship between the
sensible heat ﬂux and Ri also varies between regimes 1
and 2. Einaudi and Finnigan (1993) also found poor
correlation between Ri and turbulence and attributed it
to nonlocal interactions between gravity waves and tur-
bulence. Recent investigation demonstrates that the uni-
versal critical Richardson number varies between ﬂows
(e.g., Canuto 2002) or may not exist at all (e.g., Galperin
et al. 2007; Zilitinkevich et al. 2007; Mahrt 2010b).
c. Turbulence regimes
We have identiﬁed twoturbulence regimes for CASES-
99 based on the relationship between wind speed and
VTKE (i.e., regimes 1 and 2 in Fig.2). In addition to these
two regimes, moderate turbulence is often generated
above the observation level and diffuses downward,
such as the case analyzed by Blumen et al. (2001) and
Newsom and Banta (2003). They found that turbulence
was generated from large eddy overturning as a result of
Kelvin–Helmholtz (K–H) instability. As we will show in
FIG. 6. The composite relationship (a) between u* and the standard deviation of the po-
tential temperature su, and (b) between the wind speed V and u*. The threshold wind speed at
each level is marked with a triangle in the color of the height in (b). Note that u* reaches its
maximum value approximately at its threshold wind speed in (b).
344 JOURNAL OF THE ATMOSPHERIC SCIENCES V OLUME 69section 4c, moderate turbulence above the weak ‘‘back-
ground’’ turbulence appears at the highest observation
level ﬁrst and spreads gradually to lower levels. As the
strength of the top-down turbulent event weakens, the
moderate turbulence decays at the lowest level ﬁrst and
gradually at the levels above. As a result, the duration of
the occurrence of the moderate turbulence visibly in-
creases with height (section 4c).
To distinguish the turbulence generated by top-down
turbulent events from that generated by either the local
or the bulk shear, we deﬁne the top-down turbulent re-
gimeasregime3inFig.2.TherelationshipbetweenVTKE
andVforsomeofthetop-downturbulenteventsisshown
in Fig. 9. Because local shear-generated turbulence can
occur near the ground while the layer aloft can be si-
multaneously inﬂuenced by downward-propagating tur-
bulent events,and the backgroundenvironmentisalways
turbulent even though the turbulent ﬂuxes can be ex-
tremely weak (Mahrt and Vickers 2006), Fig. 9 includes
some of background weak turbulence. During the entire
CASES-99 ﬁeld program, the percentage of the time se-
ries in regime 3 is small compared to regime 1; therefore,
regime1 isprominentwhenthe windspeedislessthanits
thresholdvalue(Fig.1a).Becausethedatasegmentsused
tocalculateVTKEmayincludenonturbulentcomponents,
regime 3 occasionally includes nonturbulent wind os-
cillations when the mean wind is very weak.
d. LLJ and the turbulence regimes
The occurrence of the different regimes is closely re-
lated to the LLJ. Without a strong LLJ, the wind over
FIG. 7. The relationship between the local gradient Richardson number Ri and VTKE for wind speed
larger than (red) and smaller than (blue) its threshold value Vs at the nine sonic anemometer levels.
Each dot is calculated using a 5-min data segment.
FIG. 8. Schematic summary ofthe relationship betweenVTKE and
thelocal Riat a ﬁxedobservation height.The horizontaldashed line
separatesregime1fromregime2.NotethatVTKE atacanbesmaller
than VTKE at b even when Ri at a is smaller than Ri at b.
JANUARY 2012 SUN ET AL. 345theentire60-mtowerlayerisweakandregime1prevails.
An example is shown in Fig. 10 before 0900 UTC on the
night of 20 October, which is analyzed in detail by Banta
et al. (2002, 2007). The strengthening of the LLJ after
0900UTCincreaseslocalshearbelowtheLLJtowardthe
value of ;0.1 m s
21, which is also demonstrated in Fig.
3c. Because the vertical temperature gradient decreases
with height under weak winds (Fig. 10b), with approxi-
matelyconstantlocalshear,theturbulenceincreaseswith
height (Fig. 10c). Consequently the top-down turbulent
event (i.e., turbulence regime 3) appears.
Another example of the connection between LLJs and
the turbulence regimes is in Fig. 11 when LLJs lead to
wind speeds above their thresholds. As the LLJ wind
speed UJ increases, the LLJ height ZJ also tends to in-
crease (Fig. 11a), which is also shown in our Fig. 10a, as
well as in Banta et al. (2002) and Pichugina et al. (2008).
Associated with the variation of the LLJ wind speed and
height, the standard deviation of the horizontal wind
observed by the lidar sU below ZJ increases as well (Fig.
11b), as shown by Banta et al. (2006) and Banta (2008).
Consequently, sU at a constant height Z1 changes from
a small constant value when the wind speed at Z1 is less
than its threshold value to a value increasing with wind
speed after the wind speed exceeds its threshold (Fig. 11c).
The turbulence at Z1, therefore, jumps from regime 1 to
regime 2 as illustrated in Fig. 2.
4. Categories and examples of turbulence
intermittency
Associated with the three turbulence regimes, three
categoriesofturbulenceintermittencyareobservedduring
CASES-99 (Fig. 2). In category A, when the wind speed
oscillates across its threshold value, turbulence is en-
hanced when the wind speed exceeds its threshold value
and is reduced when the speed falls below it (i.e., turbu-
lence changes between regime 1 and regime 2). In cate-
gory B, when the wind speed resulting from atmospheric
disturbances remains less than the threshold value, the
disturbances intermittently reduce the local stability and
slightly increase the local turbulence (i.e., turbulence ep-
isodically enhances within regime 1). In categoryC,when
top-down turbulent events suddenly intrude downward
into a weak turbulent environment, turbulence regime 3
occurs.
a. Category A turbulence intermittency
TurbulenceintermittencyduringCASES-99frequently
occurs when the wind speed oscillates between regimes
1 and 2 (i.e., category A turbulence intermittency). In
general, nonturbulent wind oscillations can be caused by
various physical mechanisms, including internal gravity
FIG. 9. The relationship between VTKE and wind speed V at
seven observation heights during the periods when turbulence was
generated from clearly identiﬁable downward-propagating events.
Each dot represents a 5-min data segment. The threshold wind at
each level is marked with a triangle in the color of that height.
FIG. 10. (a) The lidar wind speed proﬁles, (b) the potential
temperature proﬁles from the thermocouple measurement on the
60-m tower, and (c) the time series of the wind speed at the eight
sonic anemometer levels during the night of 20 October. The re-
lationshipamong the turbulence strength (which is visible from the
windspeedﬂuctuations),thedevelopmentofLLJs,andtheimpacts
of the turbulence on the vertical variation of the potential tem-
perature are evident from the three panels. The wind proﬁles were
measured by the HRDL averaged for 10 min at the beginning of
each hour. Sunset was at 16 min before 0000 UTC. The dashed
black line in (a) marks the local shear of 0.1 s
21.
346 JOURNAL OF THE ATMOSPHERIC SCIENCES V OLUME 69and solitary waves. These wave events are sometimes
relatedtodensitycurrents(e.g.,Sunetal.2002)andother
mesoscale disturbances (e.g., Acevedo and Fitzjarrald
2003). Here we demonstrate an example of this type
of turbulence intermittency on the night of 20 October
(Fig. 12), which was analyzed by Banta et al. (2007).
Around 0230 UTC, wind speed oscillations are small and
do not lead to wind speed above the threshold value at
any level. The weak turbulence allows strong large-scale
temperature and vertical velocity oscillations and wind
direction rotation with height in the direction consistent
withthe Ekmanspiral discussedbyGrachev et al. (2005).
When the amplitude of the wind oscillation increases,
turbulenceisenhancedwheneverthe windspeedexceeds
its threshold value at 1.5 m, which is evident in the time
series of wind speed and vertical velocity in Fig. 12. The
strongturbulentmixingbetween0330(3.5)and0500UTC
reduces the vertical temperature gradient and the wind
direction difference with height and therefore reduces
temperature and wind direction oscillations.
b. Category B turbulence intermittency
An example of category B turbulence intermittency,
which is also examined by Banta et al. (2007), occurs at 30
and50 mafter0206(2.1)UTC26October(Fig.13).Inthis
case,relativelyweakturbulenceisgeneratedbylocalshear
in a steady stratiﬁed environment. This enhanced turbu-
lence is still sufﬁciently weak that turbulence at the adja-
cent levels is not detectably affected. The enhancement of
local shear can also be caused by atmospheric waves
having relatively small wind speed amplitude such that
thecompositewindspeedislessthanitsthresholdvalue,
and the turbulence change is withinregime 1 (not shown).
Mahrt(2010a)foundthatwithveryweakwindsandstrong
stratiﬁcation, the turbulence appears to respond mainly to
waves and other small-scale nonturbulent motions.
c. Category C turbulence intermittency
An example of category C turbulence intermittency is
the top-down turbulent events in Fig. 14. During this
night, moderate turbulent events occur when the wind is
weak as shown by red dots in Fig. 14c. The top-down
eventsareevidentintheincreasing durationand strength
of turbulence with height, such as the event just before
0600 UTC (Fig. 15a). Commonly the top-down turbulent
event is associated with K–H instability as demonstrated
in Blumen et al. (2001). As a result of large-eddy over-
turning associated with such instabilities, negative tem-
peraturegradientsareoftenobservedandthetotalnumber
of the small-negative-temperature-gradient occurrences
increases with height as the turbulence spreads toward
the ground as shown in Fig. 14a. Occurrences of small
negative vertical temperature gradient statistically in-
creasewithheight,whichisvisibleinFig.5.Asaresultof
episodic intrusions of the top-down turbulent events
into the otherwise regime-1 turbulent environment,
category C turbulence intermittency occurs (Fig. 15a).
Nonturbulent wind oscillations under weak mean winds
FIG. 11. A schematic summary of the vertical variation of (a) the
streamwisewindspeedUofaLLJand(b)itsstandarddeviationsU
fromatoe,whichingeneralwouldbefromdifferentnights,and(c)
therelationshipbetweenUandsUatheightZ1fromatoebasedon
the CASES-99 nighttime lidar data. In (a), UJa and UJe represent
the maximum wind of the LLJ at a and e, respectively; ZJ repre-
sents the height of the lowest wind maximum of an LLJ as deﬁned
in Banta et al. (2002).
FIG.12.Theintermittentturbulenceresultingfromnonturbulent
wind speed oscillations during the night of 20 October. The plot
shows the time series of the wind speed V, the vertical velocity
w, and the wind direction (WD) at 1.5 m above ground, and the
thermocouple temperature (TC) at 2.3 m. All the variables are
scaled as indicated in the ﬁgure legend for easy comparison. All the
turbulence enhancements are associated with wind speed increases.
JANUARY 2012 SUN ET AL. 347can also inadvertently lead to large computed VTKE
values as shown in Fig. 15b.
5. Summary
By analyzing the entire nocturnal CASES-99 dataset,
we identiﬁed three turbulence regimes depending on how
turbulence was generated. Regime 1 is the weak turbu-
lenceregimewhenthewindspeedislessthanitsthreshold
value. Turbulence in this regime is generated by local
shear instability and modulated by vertical temperature
gradients. The length scale of the local shear is smaller
than the observation height; therefore, eddies generated
by the local shear do not directly interact with the ground.
Regime 2 is the strong turbulence regime when the wind
speed exceeds its threshold value, and the turbulence in-
creases systematically with increasing wind speed. In this
regime, the turbulence is generated by the bulk shear de-
ﬁned as the mean wind divided by the observation height.
Regime 3 is the turbulence regime when the wind speed is
below its threshold value and top-down turbulence spo-
radically bursts into the otherwise weak turbulence re-
gime. Occasionally regime 3 includes nonturbulent wind
oscillations when the mean wind speed is weak. The
composite threshold wind speed increases approximately
logarithmically with height, which marks the transition
of turbulence generation by local shear to bulk shear.
This transition cannot be described by the local or bulk
Richardson number alone.
The local gradient Richardson number by deﬁnition is
associated with local shear and local stratiﬁcation; there-
fore, it only captures the turbulence generation mecha-
nism when wind speed is below the threshold value. Once
the bulk shear enhances the TKE on scales associated
with the observation height, the increased turbulent
mixing decreases the local vertical temperature gradi-
ent. The reduction of the vertical temperature gradi-
ent leads to decreasing temperature perturbations and
u* with wind speed. Consequently the threshold wind
speedalsorepresentsthewindspeedatwhichu*reaches
its maximum value. The reduced local vertical temper-
ature gradient occurringafter the wind speed exceeds its
threshold value leads to the sharp reduction of the local
gradient Richardson number even though the turbulence
is not related to the local shear when the wind speed
exceeds the threshold value. In contrast to regime 2, the
turbulence strength in regime 1 increases gradually with
decreasing local gradient Richardson number, and the
relationship is not as tightly catenated as the one in re-
gime 2. The signiﬁcantly different relationship between
FIG. 13. The turbulence in response to the local shear increase on 26 October, a night having
very stable boundary structure according to Banta et al. (2007). The wind speed V and ther-
mocoupletemperature (TC) proﬁles in(b) and (c) are observedat the times markedin (a) with
the dashed lines in the same colors.
348 JOURNAL OF THE ATMOSPHERIC SCIENCES V OLUME 69turbulence and Ri in regime 1 and 2 cannot be described
by a single formulation since the local gradient Rich-
ardson number associated with a strong turbulence case
in regime 2 can be larger than the one for a weak tur-
bulence case in regime 1. A similar discontinuity at the
threshold wind speed also occurs in the relationship
between sensible heat ﬂuxes and Ri.
The three turbulence regimes are closely related to
nocturnalLLJs.WithoutastrongLLJ,thewindshearand
turbulence over the entire boundary layer below the LLJ
areweak.Asaresult,turbulenceregime1prevails.When
the maximum wind of a LLJ is less than the threshold
value for its height above the ground, but the local shear
below the LLJ is signiﬁcant, moderate turbulence can be
generated by local shear instability and diffuse down-
ward, especially when the vertical temperature gradient
decreases with height. This situation corresponds to the
turbulence regime 3, which may be imposed on the
background environment with regime-1 turbulence. If
the LLJ is strong enough to increase the wind speed
above its threshold value, regime 2 occurs. Both regimes
2and3arecommonlyassociatedwithLLJsormesoscale
wind events.
Turbulence intermittency is generated by episodic
generation of turbulence in the generally weak-wind
nocturnal boundary layer. Three categories of turbulent
intermittency during CASES-99 are associated with tur-
bulencevariations betweenthethreeturbulenceregimes.
Turbulence intermittency may occur when the wind os-
cillates across its threshold value (i.e., turbulence oscil-
lates between regimes 1 and 2, which is category A
turbulence intermittency). The turbulence intermittency
may also occur when local turbulence is enhanced by
localinstability(i.e.,turbulencevariationwithinregime1,
which is category B turbulence intermittency). The tur-
bulence intermittency may also appear when top-down
FIG. 14. The time series of (a) the wind speed from the eight sonic anemometers (colored
solid lines) with the negative vertical temperature gradient at each level marked in the color of
that height, (b) the vertical velocity at the eight levels, and (c) the wind speed at 1.5 m for the
night of 6 October. The occurrences of moderate turbulence under weak winds are marked in
redin(c).In (b),thezeroverticalvelocityattheobservationheightabove1.5 mis incremented
by 1 m s
21 from the level below for visibility. Each dot in both (a) and (c) represents a 5-min
data segment.
JANUARY 2012 SUN ET AL. 349turbulenteventsdiffusedownwardintoaweak-turbulence
environment (i.e., the occurrence of regime 3, which is
category C turbulence intermittency).
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